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ABSTRACT
The sorghum [Sorghum bicolor (L.) Moench] germplasm collection at the ICRISAT gene bank exceeds 37,000 accessions. A core collection of 2247 accessions was developed in 2001 to enable researchers to have access to a smaller set of germplasm. However, this core collection was found to be too large. To overcome this, a sorghum mini core (10% accessions of the core or 1% of the entire collection) was developed from the existing core collection. The core collection was evaluated for 11 qualitative and 10 quantitative traits in an augmented design using three control cultivars in the 2004-2005 postrainy season. The hierarchical cluster analysis of data using phenotypic distances resulted in 21 clusters. From each cluster, about 10% or a minimum of one accession was selected to form a mini core that comprised 242 accessions. The data in the mini core and core collections were compared using statistical parameters such as homogeneity of distribution for geographical origin, biological races, qualitative traits, means, variances, phenotypic diversity indices, and phenotypic correlations. These tests revealed that the mini core collection represented the core collection, which can be evaluated extensively for agronomic traits including resistance to biotic and abiotic stresses to identify accessions with desirable characteristics for use in crop improvement research and genomic studies.
The genus Sorghum has fi ve subgenus or sections: EuSorghum, Chaetosorghum, Heterosorghum, Para-Sorghum, and Stiposorghum (Garber, 1950) , of which, Eu-Sorghum contains all sorghum races and varieties as S. bicolor subsp. bicolor (2n = 2x = 20 chromosomes) and wild and weedy relatives (Harlan and de Wet, 1971; Doggett, 1988) . Further, Harlan and de Wet (1972) recognized fi ve basic races (bicolor, guinea, caudatum, kafi r, and durra) and ten intermediate races (guineabicolor, guinea-caudatum, guinea-kafi r, guinea-durra, caudatumbicolor, kafi r-bicolor, durra-bicolor, kafi r-caudatum, kafi r-durra, and durra-caudatum) that originated as a result of natural intercrossing among basic races, all recognizable on the basis of spikelet/panicle morphology alone, which can be linked back to their specifi c environments and the nomadic peoples that fi rst cultivated them (Smith and Frederiksen, 2000) . Race bicolor is widely distributed in Africa and Asia; guinea, predominant in West Africa; caudatum, throughout Central Africa; kafi r, south of the equator in Africa; durra, in Ethiopia and India (Harlan and de Wet, 1972) .
Vast collections of germplasm are locked in national and international genebanks. For example, CGIAR (Consultative Group on International Agricultural Research) institutions alone hold ~600,000 germplasm accessions of its mandate crops. Low use of germplasm in crop improvement programs has resulted in a narrow genetic base in many crops (Dalrymple, 1986; Vellve, 1992; Dowswell et al., 1996; Upadhyaya et al., 2003; Kumar et al., 2004; Bhattacharjee et al., 2007) . Large holdings in genebanks and the non-availability of data on traits of economic importance restricted breeders and caused them to repeatedly use their own working collections in crop breeding. Moreover, many of the agronomic and seed quality traits show considerable genotype × environment interaction. Multi-location evaluation of such a large collection is resources consuming, it is also a constraint to obtain reliable phenotypic data from such evaluations to identify useful parents by the breeders. Core collection (~10% of entire collection), representing over 70% of the genetic variation present in the entire collection with 95% certainty (Brown, 1989) , has been suggested as a gateway to enhanced utilization of diverse germplasm in crop breeding programs. Core collections, based on phenotypic characterization data, have been reported (see Upadhyaya, 2004) for crops such as pearl millet [Pennisetum glaucum (L.) R. Br.] (Bhattacharjee et al., 2007) , sorghum (Rao and Rao, 1995; Grenier et al., 2001a,b) , quinoa (Chenopodium quinoa Willd.) (Ortiz et al., 1998) , fi nger millet (Eleusine coracana (L.) , foxtail millet [Setaria italica (L.) P. Beauv.] (Upadhyaya et al., 2008) , Caribbean maize (Taba et al., 1998) , and USDA rice (Yan et al., 2007) . In sorghum, Rao and Rao (1995) were the fi rst to develop core collection of 3475 accessions. Subsequently, Grenier et al. (2001b) used three sampling procedures-constant, logarithmic, and proportional-to establish three subsets of the core collection, each possessing 2247 accessions. The logarithmic subset showed diff erences for response to the photoperiod that was considered in the stratifi cation of the collection. A core of this size is still large for multi-location evaluation of morphological diversity. The size of the core makes it diffi cult to identify accessions that are genetically diverse and that also possess benefi cial traits for use in crop breeding. To overcome this, Upadhyaya and Ortiz (2001) suggested the mini core collection approach, which is a core of a core (10% of core or 1% of the entire collection) representing the species diversity. A mini core is established after evaluating the core subset for various morphological, agronomic, and seed quality traits, and selecting about 10% of the accessions from the core subset. This study reports the development of a mini core subset in sorghum using the Grenier et al. (2001b) core that was developed using logarithmic sampling, for enhanced utilization of genetically diverse germplasm in sorghum improvement.
MATERIALS AND METHODS
A sorghum core collection consisting of 2247 landrace accessions from 58 countries (Grenier et al., 2001b) , was the base material to constitute a sorghum mini core collection. One accession (IS 3422) was excluded from the evaluation as it was de-notifi ed from the in-trust collection. The core collection represented all basic [bicolor (6.6%), guinea (11.6%), caudatum (17.6%), kafi r (9.9%), and durra (10.9%)] and intermediate races [guinea-bicolor (1.0%), guinea-caudatum (12.6%), guinea-kafi r (0.6%), guinea-durra (0.4%), caudatum-bicolor (10.5%), kafi r-bicolor (0.9%), durra-bicolor (4.4%), kafi r-caudatum (3.4%), kafi r-durra (1.2%), and durra-caudatum (8.5%)]. The entire core collection of 2246 accessions and three controls, IS 9830 (caudatum; a striga resistant accession), IS 33844 (durra; Parbhani Moti-a released cultivar, India), and IS 2205 (durra-bicolor, a shoot-fl y-and stem-borer-resistant accession) were evaluated in a Vertisol fi eld in the 2004-2005 postrainy season (October-April) at the ICRISAT research farm, Patancheru, 18° N lat; 78° E long, at an altitude of 545 masl (meters above sea level). The experiment was sown in an augmented design with one of the three control cultivars repeated after every nine test entries. Each plot was single-row, 9 m long, with a row-to-row spacing of 75 cm, and plant-to-plant spacing within a row of 10 cm. Ammonium phosphate was applied at the rate of 150 kg ha -1 as a basal dose, and 100 kg ha -1 of urea was applied as top dressing after 3 wk of planting. As the experiment was conducted during the post-rainy season, fi ve irrigations (each with 7 cm water) were provided at equal intervals until grain maturity. All core accessions germinated well and produced panicles. Data on 11 qualitative traits (plant pigmentation, nodal tillers, midrib color, panicle compactness and shape, glume color and covering, threshability, grain color, grain luster, grain subcoat, and endosperm texture), and 10 quantitative traits [days to 50% anthesis, basal tillers, plant height, panicle exsertion, panicle length and width, yield plant -1 (g), yield plot -1 (kg), grain size (mm), and grain weight (g)] were recorded following sorghum descriptors (IBPGR and ICRISAT, 1993) . Midrib color was recorded after 50% anthesis. Grain traits were recorded at post-harvest stage in the laboratory. The number of days to anthesis was recorded as the number of days from the the phenotypic diversity for each trait in core and mini core collections. Phenotypic correlations among 10 quantitative traits in the core and mini core collections were estimated separately to determine whether associations, which may be under the same genetic control, were conserved in the mini core collection.
RESULTS AND DISCUSSION

Residual Maximum Likelihood (REML) Analysis
Genotypic variance was signifi cant for all the traits indicating the presence of adequate diversity in the core collection (Table 1 ). The Wald (1943) statistics showed that the fi ve races and 10 intermediate races diff ered significantly for all the traits.
Clustering
A phenotypic distance matrix created on 21 traits was subjected to hierarchical cluster analysis (Ward, 1963) 
Geographic Origin
χ 2 probabilities for geographic origin of accessions in core and mini core collections were not signifi cant for any of the 58 countries (p = 0.159 to 0.978). Heterogeneity (p = 0.692 to 0.988) and χ 2 probabilities (p = 0.120 to 0.902) for all the 10 geographic regions were nonsignifi cant. The χ 2 values for accessions according to 50% seedling emergence to the date when 50% plants had started anthesis. Data on plant height (cm), tiller number, panicle exsertion, and panicle length and width were recorded on fi ve randomly selected plants. All other observations were recorded on plot basis. Panicle exsertion is measured as the length of exposed peduncle from the fl ag leaf to the base of the panicle. Panicle length and width were measured at maturity as the maximum length from the base to the tip of the panicle, and maximum width in natural position. Grain covering indicates the amount of grain covered by glumes at maturity and is an important trait in the racial classifi cation of cultivated sorghum. Threshability was recorded as diffi cult to thresh, partly threshable, and freely threshable. Grain weight is the weight in grams of 100 sound, matured healthy grains at about 120 g kg -1 H 2 O on wet basis. For quantitative traits data, averages of fi ve plants plot -1 values were computed that were used for statistical analyses.
The residual maximum likelihood (REML; Patterson and Thompson, 1971) in GenStat 10 (http://www.vsni.co.uk; verifi ed 9 July 2009) was used to analyze data of 10 quantitative traits, considering genotypes as random and races as fi xed. Variance components due to genotype (σ 2 g) and its standard errors (SE) were estimated (Table 1) . Signifi cance of diff erences among races was tested using Wald (1943) statistics. Best linear unbiased predictors (BLUPs) (Schönfeld and Werner, 1986) were worked out for all quantitative traits. A phenotypic distance matrix was created for 2246 accessions by calculating diff erences between each pair of accessions for the 21 (11 qualitative and 10 quantitative) traits. Data on qualitative traits was transformed to numerical scale (IBPGR and ICRISAT, 1993) to calculate phenotypic distance matrix. The diversity index was calculated by averaging all the diff erences in the phenotypic values for each trait divided by the respective range (Johns et al., 1997) . This distance matrix was subjected to hierarchical cluster algorithm (Ward, 1963) at an R 2 (squared multiple correlation value) of 0.75. This method optimizes an objective function because it minimizes the sum of squares between groups. A proportional sampling strategy of selecting the accessions was used, and 10% of the accessions or a minimum of one accession from each cluster was randomly selected to form a mini core collection. Thus, a mini core collection consisting of 242 accessions (10.8% of the core collection and 1.1% of the entire collection) was constituted.
The 58 countries of origin (Table 2) were grouped into 10 regions: Central Africa, Eastern Africa, Southern Africa, Western Africa, Americas, East Asia, South and Southeast Asia, West Asia, Mediterranean, and Oceania. Frequencies of geographic regions, countries within regions, races/intermediate races, and all the qualitative traits in the core and mini core collections were tested by χ 2 . Yates (1934) correction was applied if the number of accessions in the core collection was less than fi ve. Means for the core and mini core collections were compared by the Newman-Keuls procedure (Newman, 1939; Keuls, 1952) . Homogeneity of variances was tested by Levene's test (Levene, 1960) . The variance diff erence (VD%), mean diff erence (MD%), coincidence rate (CR%), and variable rate (VR%) were calculated to compare the core and mini core collections (Hu et. al., 2000) . Shannon and Weaver (1949) diversity index (H`) was used to measure and compare Table 4 ). Uniform distribution of classes in the core and mini core collections indicated that the sampling technique to constitute the mini core was appropriate.
Means and Variances
Diff erences between the means of core and mini core collections were compared using Newman-Keuls procedure (Newman, 1939; Keuls, 1952) and were found nonsignifi cant for all the traits, resulting in 0% mean diff erence percentage ( Table 5 ). The homogeneity of variances of all the 10 quantitative traits in the core and mini core collections were tested by Levene's test (Levene, 1960) and were homogeneous (p = 0.067 to 0.796) for all the traits, resulting in 0% VD (Table 5 ).
Shannon-Weaver Diversity Index (H`)
This index is used to measure allelic richness and evenness in the population. A low H` indicates an extremely unbalanced frequency classes for an individual trait and a lack of genetic diversity. The average H` index for the mini core collection (0.460 ± 0.085 for qualitative and 0.587 ± 0.018 for quantitative traits) was comparable to the core collection (0.453 ± 0.085 for qualitative and 0.596 ± 0.016 for quantitative traits). Seed color had the highest value in both the core (0.917) and mini core (0.919) collections (Table 6 ). These estimates further suggest that the mini core collection has captured adequate diversity from the core collection.
Coincidence Rate (CR%) and Variable Rate (VR%)
The coeffi cients of variations or variable rate for most of the traits were higher in the mini core collection than in the core collection, resulting in 104.4% VR for quantitative traits ( Table 6 ). The variances and coeffi cients of variation in the selected collection should be higher than in the entire collection (Hu et al., 2000) . High range (80-100) variation or CR% was captured in 9 out of 10 quantitative traits in the mini core collection. The high CR% captured for quantitative traits (92.3%) (Table 6 ) in the mini core collection confi rmed that the mini core was representative of the core collection.
Correlation Coeffi cients
Phenotypic correlations were performed for all quantitative traits in the core and mini core collections separately and the pattern was found to be similar, demonstrating that associations observed in the core collection were well preserved in the mini core collection. Further, the proportion of variance in one trait that can be attributed to its linear relationship with a second trait is indicated by the square of correlation coeffi cient (Snedecor and Cochran, 1980) . Estimates of this value greater than 0.71 or lower than -0.71 have been suggested as meaningful correlations (Skinner et al., 1999) . In our study we found such high correlation coeffi cients in both the core (r = 0.712) and mini core (r = 0.702) collections between plot yield and yield per plant (Table 7) . There is a need to enhance the use of basic germplasm in sorghum breeding for widening the genetic base of the newly bred cultivars. Precise evaluation of the present core collection of sorghum (2246 accessions) using replications and multi-locations would be costly because of limited resources. This mini core collection has been developed using data of one environment and consists of 242 accessions, representing nearly the full diversity of the core collection and would provide an opportunity for precise evaluation and identifi cation of valuable parental lines. The mini core collections in chickpea (Cicer arietinum L.), groundnut (Arachis hypogaea L., and pigeon pea (Cajanus cajan (L.) Millsp.) have already proved to be very useful in identifying agronomically valuable traits. Evaluation of 211 chickpea mini core accessions (Upadhyaya and Ortiz, 2001), resulted in identifying lines with deep root systems that avoid drought (Krishnamurthy et al., 2003; Kashiwagi et al., 2005) , genotypes with high salinity tolerance (Serraj et al., 2004; Vadez et al., 2007) , genotypes resistant/tolerant to wilt, ascochyta blight, botrytis gray mold, and dry root rot (Pande et al., 2006) . Similarly, the groundnut mini core collection was the source of 18 genotypes that have drought tolerance (Upadhyaya, 2005) . Likewise, the sorghum mini core collection with a reduced number of accessions (242) could be evaluated more extensively for traits of economic importance and therefore used in crop improvement research. The identity of accessions of the sorghum mini core collection, country of origin, race, and data on plant height, days to 50% anthesis, and 100-seed weight is given in Appendix 1 and also on the website http://www.icrisat.org. I S 1 4 2 9 0 B o t s w a n a K a fi r -d u r r a 7 4 . 3 8 2 2 1 . 2 4 2 . 9 1 8 I S 1 9 4 4 5 B o t s w a n a K a fi r 7 9 . 8 6 1 8 8 . 9 9 3 . 4 6 9 I S 1 9 4 5 0 B o t s w a n a G u i n e a -k a fi r 7 5 . 0 7 2 0 2 . 
